S ystolic and diastolic blood pressure (BP) are important modifiable risk factors for cardiovascular disease.
this may be because AIx is a composite index of arterial compliance and wave reflection. 10 An alternative approach has been proposed by Wang et al, 11 where the arterial waveform may be simply described by a heuristic model incorporating elements from both windkessel and wave analysis, termed the reservoirwave model. 12 Wang et al 11 used simultaneous measurement of arterial pressure and flow to permit the separation of the measured pressure into reservoir and excess pressure components. More recently, Parker et al 13 have shown that reservoir pressure can be estimated from the pressure waveform alone and that the integral of reservoir pressure (PRI) corresponds to the theoretical minimum hydraulic work required to generate the required stroke volume. Reservoir pressure calculated from central BP waveforms has been shown to correlate recently with reflected pressure and to predict cardiovascular events in high-risk patients. 14 Importantly, the excess pressure integral (XSPI), the difference between the measured BP waveform and PRI, is an index of unnecessary work done by the ventricle in each cardiac cycle, and elevated XSPI is likely to be indicative of circulatory dysfunction. We therefore hypothesized that higher XSPI would be associated with increased target organ damage and future cardiovascular events and tested this hypothesis in a retrospective analysis of data collected in the Conduit Artery Functional Evaluation (CAFE) and Hypertension-Associated Cardiovascular Disease (HACVD) substudies of the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT).
Methods
Details of ASCOT, 15 CAFE, 16 and HACVD 17 have been published previously. In brief, ASCOT recruited 19 257 patients with hypertension, on or off antihypertensive treatment, with ≥3 other risk factors for cardiovascular disease (male sex, aged >55 years, a history of smoking, left ventricular [LV] hypertrophy, family history of early coronary heart disease, microalbuminuria or proteinuria, non-insulin-dependent diabetes mellitus, peripheral vascular disease, previous stroke or transient ischemic attack, or a ratio of plasma total cholesterol to highdensity lipoprotein cholesterol ≥6). Participants were randomized to 1 of the 2 BP-lowering strategies: either amlodipine±perindopril or atenolol±bendroflumethiazide as required. People with a fasting total cholesterol of <6.5 mmol/L, who were untreated with a lipidlowering agent at randomization, were additionally randomized to a nested factorial study of 10 mg atorvastatin versus placebo. Patients randomized to the BP-lowering study were followed up for a period of 5.5 years. A total of 174 individuals had a cardiovascular event before baseline assessment; these individuals were excluded from the analysis. All studies were approved by the relevant institutional review committees, were adherent to the principles of the Declaration of Helsinki, and all participants gave informed consent.
The CAFE substudy included 2199 patients enrolled in 5 ASCOT centers in the United Kingdom and Ireland (Figure 1 ). Initial measurements were made in CAFE ≈1 year (median [range], 9 [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] months) after randomization. Radial tonometry was performed using a Sphygmocor device (Atcor Medical, Australia) and central systolic BP, AIx, and heart rate-corrected AIx calculated as previously described. 16 A composite of total cardiovascular events and procedures as defined in ASCOT was used as the primary end point. Total cardiovascular events were defined as cardiovascular mortality, nonfatal myocardial infarction (symptomatic and silent), unstable angina, chronic stable angina, life-threatening arrhythmias, nonfatal heart failure, nonfatal stroke, peripheral arterial disease, revascularization procedures, and cerebrovascular events, including transient ischemic attack, retinal vascular thrombosis, and reversible ischemic neurological deficit. This end point differs from that used in the original analysis reported in the CAFE study, 16 which also included the development of renal impairment as an additional post hoc end point. To allow comparison with the earlier work, the CAFE end point was also examined as a secondary objective. Waveforms were calibrated to brachial cuff BP measurements according to the manufacturer's instructions.
HACVD recruited a total of 1006 individuals from 2 of the 5 ASCOT centers who also participated in CAFE. These individuals underwent extensive additional cardiovascular phenotyping; 933 of these patients also had baseline measurements of central BP as part of by guest on July 13, 2017 http://hyper.ahajournals.org/ Downloaded from the CAFE substudy ( Figure 1 ); of these, 862 had valid measurements of LV mass and 924 had valid measurements of common carotid intima media thickness (cIMT). In addition to brachial and central BP, these participants underwent measurement of LV mass indexed to height 2.7 (LV mass index) and cIMT in both common carotid arteries using an HDI 5000 ultrasound device (Philips Healthcare, United Kingdom) by 3 experienced echocardiographers and performed according to the American Society of Echocardiography guidelines. 18, 19 LV mass was calculated as:
LV mass
LVIDd PWTd SWTd LVIDd
where LVIDd is LV internal dimension at end diastole, PWTd is posterior wall thickness at end diastole, and SWTd is septal wall thickness at end diastole. Mean far wall cIMT was quantified using a validated automated program (Artery Measurement System [AMS]). 20 Intraclass correlation coefficients for LV mass and cIMT between observers were 0.88 and 0.94, respectively (n=12).
Calculation of Reservoir and Excess Pressures and Their Relationship to LV Work
Reservoir pressure ( Figure 2 ) was calculated from the ensemble averaged radial tonometric waveforms recorded by the Sphygmocor device without the application of a generalized transfer function. In brief, sphygmocor *.txt files were saved and data subsequently imported into Matlab (Mathworks, Inc, Natick, MA) for the analysis using customized programs based on. 10, 21 Further details are provided in the online-only Data Supplement. Reservoir pressure is assumed to vary temporally in the same way throughout aorta and large elastic arteries, but with a time lag that depends on the location and wave propagation characteristics of the arteries. 13 Mass conservation in an arterial system containing N vessels requires
where Q 0 (t) is the volume flow rate at the aortic root, C n is the compliance of the vessel segment n, P t ( ) is the reservoir pressure at the aortic root, P t n ( ) − τ is the reservoir pressure in vessel n, R n is the resistance of vessel n, τn is the time it takes for a wave to travel from the aortic root to vessel n, and P ∞ is the pressure at zero flow.
Excess pressure in vessel n (XSP n ) is defined as the difference between the measured pressure P t n ( ) and the reservoir pressure: 
Statistical Analysis
Continuous data are presented as mean (SD), medians (interquartile range), or mean (95% confidence interval) as indicated. Skewed data were log transformed for analysis. Statistical analysis was performed in STATA 12.1 (StataCorp, College Station, TX). Treatment groups were compared using a Student t test for continuous data and a χ 2 test for categorical data. Correlations were assessed using Pearson correlation coefficients (r), and multivariable linear regression was also performed. Age, sex, mean arterial pressure, central augmentation pressure (AP), diabetes mellitus, total and high-density lipoprotein smoking, and BP treatment allocation were included a priori as covariates for cIMT, whereas age, sex, mean arterial pressure, AP, and BP treatment allocation were chosen a priori for inclusion in models of LV mass index based on associations reported in previous studies. Regression diagnostics including assessment of collinearity was performed. Survival analysis of the relationship between cardiovascular events and BP parameters was assessed using Nelson Aalen analysis and univariate and multivariable Cox regression. The proportional hazards assumption was examined using scaled Schoenfeld residuals. For multivariable Cox regression, classical cardiovascular risk factors, age, sex, systolic BP, diabetes mellitus, total and high-density lipoprotein, and smoking, were included a priori as covariates. In an alternative model, a 10-year cardiovascular risk estimate based on the Framingham risk score 22 was included to examine further the possible independent predictive use of XSPI and other hemodynamic parameters. To compare the predictive ability of survival models with and without XSPI, we calculated Harrell's C statistic using the somersd command in Stata. 23 We also computed net reclassification improvement and integrated discrimination improvement as measures of the incremental value of XSPI.
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Results
The characteristics of the participants at randomization and at the time of the first visit are shown in Table 1 . The majority of participants were men and approximately a quarter were current smokers or were diabetic. Participants in the HACVD subgroup were similar to the whole group (Table 1) . A total of 134 total cardiovascular first events accrued during a median follow-up period of 3.45 years.
Differential Effects of Antihypertensive Treatment Regimen on BP and Derived Variables
As previously reported, 16 treatment with atenolol± bendroflumenthiazide and amlodipine±perindopril achieved similar levels of control of brachial systolic BP, although diastolic BP was lower in the amlodipine-based regimen. XSPI, PRI, and peak reservoir pressure were significantly lower in Figure 2 . A representative example of separation of the pressure waveform into excess and reservoir pressure. The trace shows a pressure waveform recorded using an arterial tonometer and calibrated to brachial systolic and diastolic pressure. The reservoir pressure waveform was then calculated according to the algorithm described in Methods. Excess pressure (shaded gray) was calculated by subtracting the reservoir pressure from the measured pressure waveform. Peak reservoir pressure is indicated. PRI indicates integral of reservoir pressure; and XSPI, excess pressure integral. (Table 1) . Amlodipine±perindopril treatment was also associated with lower central systolic BP, lower AIx and heart rate-corrected AIx, and higher heart rates than atenolol±bendroflumenthiazide.
Inter-Relationships Between BP Measures
Inter-relationships between hemodynamic measures are shown in Table 2 . XSPI and central pulse pressure showed a close correlation (r=0.84; P<0.001). XSPI also correlated with AP (r=0.69; P<0.001) and showed a weak inverse correlation with heart rate (r=−0.23; P<0.001). There was a moderate correlation between PRI and AP (r=0.57; P<0.001) or AIx (r=0.60; P<0.001) and a strong inverse correlation with heart rate (r=−0.87; P<0.001). The correlation between XSPI and PRI was modest (r=0.21; P<0.001).
XSPI and PRI as Predictors of Cardiovascular Events
Of the measured BP parameters, XSPI, AP, AIx, and AIx75 were significant predictors of cardiovascular events in a Cox regression analysis after adjustment for age and sex (Table 3) , with XSPI being the strongest predictor. The association between XSPI and cardiovascular events was also evident when XSPI was subdivided into quartiles ( Figure 3) . The association between XSPI and cardiovascular events was little altered by inclusion of conventional cardiovascular risk factors, either individually (not shown), collectively (Table 4) , or when summarized by Framingham risk score (Table 4) . Inclusion of heart rate or body mass index in models had no effect on the association between XSPI and cardiovascular events (data not shown). Central pulse pressure (Table 4) or Creatinine, mmol/L 99 (17) 98 (17) 99 (17) 98 (17) Current smoker, n (%) 518 (25) 251 (24) 267 (26) 204 (22) Diabetes mellitus, n (%) 462 (22) 237 (23) 225 (22) 205 (22) ASCOT-LLA, n (%) 1089 (53) 542 (53) 547 (53) 479 (51) Aspirin use, n (%) 517 (25) 243 (24) 274 (26) Results are mean (SD), median (interquartile range) for skewed data, or n (%) for categorical data. AIx indicates augmentation index; AIx75, heart rate-corrected augmentation index; AP, augmentation pressure; ASCOT-LLA, lipid-lowering arm in Anglo-Scandinavian Cardiac Outcomes Trial; BMI, body mass index; bpm, beats per minute; bSBP, brachial systolic blood pressure; cPP, central pulse pressure; cSBP, central systolic blood pressure; DBP, diastolic blood pressure; HACVD, Hypertension-Associated Cardiovascular Disease; HDL, high-density lipoprotein; HR, heart rate; P res , reservoir pressure; PRI, integral of reservoir pressure; and XSPI, excess pressure integral. *P<0.01 and †P<0.001 comparing amlodipine±perindopril with atenolol±bendroflumethiazide by Student t test or Mann-Whitney U test for skewed data.
by guest on July 13, 2017 http://hyper.ahajournals.org/ Downloaded from AP (data not shown) was not a significant predictor of cardiovascular events when forced into a model containing XSPI and Framingham risk score, although the latter 2 variables remained independent predictors of cardiovascular events. Inclusion of other BP measures (eg, diastolic pressure, brachial pulse pressure) or antihypertensive treatment regimen had no substantial effect on models. Harrell's C statistic increased from 0.576 to 0.615 (P=0.04) after inclusion of quartiles of XSPI into the Cox model containing Framingham risk score and both net reclassification improvement=0.262 (95% confidence limits, 0.129-0.401) and integrated discrimination improvement=0.005 (95% confidence limits, 0.000-0.013) increased significantly.
XSPI also predicted the post hoc defined composite outcome of total cardiovascular events/procedures and development of renal impairment used in the original CAFE study (standardized hazard ratio [95% confidence interval], 1.42 [1.21-1.67]; P<0.001); central pulse pressure was also a significant predictor of events in this post hoc model as previously reported. 16 
Associations With Target Organ Damage and LV Function
The majority of hemodynamic measures with the exception of diastolic BP and AIx or heart rate-corrected AIx were significantly correlated with LV mass index (Table 5 ). In contrast, only XSPI (positively), diastolic BP (negatively), and central pulse pressure and AP (positively) were associated with cIMT (Table 3) . XSPI was also correlated with measures of LV systolic and diastolic function (Table 6 ). XSPI and PRI remained significantly associated with LV mass index when other hemodynamic measures were included in multivariable models (Tables 7 and 8 ). The association between XSPI and cIMT was also unaffected after adjustment for other covariates (Tables 7 and 8) ; additional adjustment for body mass index also failed to attenuate the association between XSPI and cIMT (not shown). Data are Pearson correlation coefficients and respective P values. AIx indicates augmentation index; AIx75, heart rate-corrected augmentation index; AP, augmentation pressure; bpm, beats per minute; bSBP, brachial systolic blood pressure; cPP, central pulse pressure; cSBP, central systolic blood pressure; DBP, diastolic blood pressure; P res , reservoir pressure; PRI, integral of reservoir pressure; and XSPI, excess pressure integral.
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Discussion
Elevated XSPI, a novel measure of circulatory dysfunction, was associated with cardiovascular target organ damage and predicts incident cardiovascular events in people with wellcontrolled hypertension. Higher reservoir pressure was associated with increased LV mass but was not associated with increased cIMT and was not associated with an increased risk of cardiovascular events.
High BP is a well-established risk factor for cardiovascular events but previous studies have reported conflicting results on the prognostic value of parameters derived from the BP waveform. [5] [6] [7] [8] There is some evidence that central pressure may be a better predictor of cardiovascular events than conventional BP measures, 9 although this remains to be convincingly established. 25 In contrast, assessment of wave reflection has been more consistently associated with increased risk of cardiovascular events, 26 but the requirement for simultaneous measurements of pressure and flow limits the general Data are Pearson correlation coefficients and respective P values. AIx indicates augmentation index; AIx75, heart rate-corrected augmentation index; AP, augmentation pressure; cIMT, carotid artery intima media thickness; cPP, central pulse pressure; cSBP, central systolic blood pressure; DBP, diastolic blood pressure; LVMI, left ventricular mass index; P res , reservoir pressure; PRI, integral of reservoir pressure; SBP, systolic blood pressure; and XSPI, excess pressure integral. Data are presented as standardized hazard ratio (ie, per unit SD) to permit direct comparisons. All data are adjusted for age and sex. AIx indicates augmentation index; AIx75, heart rate-corrected augmentation index; AP, augmentation pressure; bSBP, brachial systolic blood pressure; CI, confidence interval; cPP, central pulse pressure; cSBP, central systolic blood pressure; DBP, diastolic blood pressure; P res , reservoir pressure; PRI, integral of reservoir pressure; and XSPI, excess pressure integral.
applicability of this approach outside a research setting. The use of pressure-based methods to estimate the magnitude of reflection gives values that differ substantially from those obtained using measured pressure and flow, 27 although the amplitude of the reflected wave calculated by this approach does independently predict target organ damage and cardiovascular events. [28] [29] [30] XSPI is a novel measure derived from the pulse waveform that does not require the use of a transfer function and is easily implemented with potential to be automated and used in a clinical setting. Theoretical analysis 13 suggests that it provides information about surplus work performed by the ventricle and when radial measurements are used it may also incorporate information on the state of the peripheral arterial system. Previous studies have also reported that central pressure is more strongly associated with cIMT 31, 32 and LV hypertrophy, 32, 33 and a recent study of high-risk patients with suspected coronary artery disease both XSPI and PRI calculated from estimated central waveforms were predictive of subsequent cardiovascular events.
14 Our data based on radial waveforms confirm and extend these observations. We also show that although both excess pressure and reservoir pressure are related to LV mass and function (consistent with both of these parameters reflecting hemodynamic load), only excess pressure correlates with cIMT, suggesting that this measure is more closely related to atherosclerotic disease, possibly through endothelial dysfunction accounting for poor circulatory function and enhanced propensity to atherosclerosis.
Interestingly, in this study, AIx was more closely related to reservoir pressure than excess pressure. This is consistent with previous reports in people undergoing coronary angiography 10, 34 and suggests that central AIx may be viewed more as an indicator of central aortic compliance than reflection of large discrete waves. This observation is also consistent with a recent metaanalysis, which suggested only a minor role for wave reflection in the pressure augmentation that occurs with aging. 35 This study has several limitations: cardiovascular outcomes were pooled and there were insufficient events to allow an analysis by individual subtypes of cardiovascular event; all participants were hypertensive individuals participating in a randomized clinical trial; and the sample did not include a large proportion of women. The findings may therefore not be applicable to other populations. The study used a retrospective analysis of prospective data although it seems unlikely that this will have introduced bias into the findings.
Perspectives
Calculation of the reservoir and excess pressure from the measured pressure waveform is straightforward and can be applied to any prospective or retrospective data sets where pressure waveforms are recorded and use of a generalized transfer function is not required. The recent development of oscillometric cuff-based approaches 36 that record the pressure waveform in addition to measuring BP may make this approach more widely applicable. The method has a sound mathematical and theoretical basis linking it to excess ventricular work and to future cardiovascular events, and it provides unique insight into cardiovascular physiology. Excess pressure time integral predicted cardiovascular events in a moderate sized subset (10%) of the ASCOT participants and is additive to the predictive value of conventional risk factors. Finally, by differentially discriminating between different drug classes, this measurement offers a potentially new tool for selection of pharmacological therapies on a patient-specific basis. Data are Pearson correlation coefficients and respective P values. B-type natriuretic peptide was measured in 898 individuals and log transformed before performing correlation. E/e′ indicates ratio of peak early transmitral flow velocity to peak early diastolic mitral annulus velocity; and s′, peak systolic mitral annulus velocity. 
